Culture dependent phenotypic characterization and 16S rDNA based phylogenetic analyses were applied to study the aerobic halophilic bacterial population present in the Pulicat brackish-water Lake of India. Five different media were employed for isolation of bacteria. A total of 198 morphotypes were recovered, purified and screened for salt tolerance in nutrient agar medium amended with 5-25% NaCl. Based on 16S rDNA restriction fragment length polymorphism analysis with three restriction endonucleases, 51 isolates tolerant to 5% or more NaCl were grouped into 29 clusters. Phylogenetic analysis using 16S rRNA gene sequences revealed that 29 strains could further be allocated into two clades: 19 to Firmicutes and 10 to γ-Proteobacteria. Firmicutes included low G+C Gram-positive bacteria related to family Bacillaceae, which included five genera Bacillus, Virgibacillus, Rummelibacillus, Alkalibacillus and Halobacillus. Another genera included in Firmicutes was Salimicrobium halophilum. In the γ-Proteobacteria group, all the isolates belonged to one genus Halomonas, represented by six different species Halomonas salina, H. shengliensis, H. salifodinae, H. pacifica, H. aquamarina and H. halophila. Most of the isolates exhibited cellulase, xylanase, amylase and protease activities.
Introduction
Living organisms can be found over a wide range of extreme conditions (Sharon et al. 2006) . Hypersaline lakes are considered as extreme environments for microbial life (Bowen et al. 2009 ). Halophiles can be found in a wide range of environments from low-saline marine environments to hypersaline lakes. Halophiles fall into three categories depending upon salt concentration optimum for microbial growth (Garabito et al. 1998) : halotolerant (1-6%), moderate (6-15%) and extreme (15-30%). Microbial research in saline environments has attracted the interest of researchers recently for different reasons. First, halophilic organisms can be exploited for various biotechnological applications, including isolation of novel genes and alleles for salt stress tolerance. Secondly, research studies on physiological adaptation to salt stress could lead to identification of novel biomolecules, corresponding genes and expression regulation. Third, diversity analysis of these halotolerant and halophilic microbes would throw light on the biodiversity existing in the saline environment (Joshi et al. 2008) .
Culturing of microbes remains a very important part of understanding any system as many biochem-ical and metabolic processes cannot be demonstrated or discovered without it. As culturing is necessary in order to study the unique properties and applications of these organisms, new techniques have since been designed to try and increase the number of cultured organisms. New organisms are being identified and characterized from marine and salt lake environments throughout the world, which has helped to shed light on the ecology of these microbes .
Microbial diversity of saline lakes has been studied primarily by focusing on the isolation and characterization of individual organisms with potential industrial application (Horikoshi 1999; Joshi et al. 2008) . Salt lakes in India have not been explored for harnessing the culturable diversity of bacteria in these ecosystems. There is an isolated report on diversity analysis in alkaline Lonar Lake, India, where bacteria with industrial potential were identified (Joshi et al. 2008 ). India has a number of salt lakes, salterns and soda lakes that need to be targeted to develop a database of microorganisms tolerant to salinity.
Halophilic microorganisms are potential sources of enzymes uniquely adapted to activity at high salt concentrations with application in beverages, pharmaceutical and detergent industries (Kamekura et al. 1992 ; Kobayashi et al. 1994; Adams & Kelly 1995; Li et al. 2002) , leather industry (Birbir et al. 1996) and food preservative industries (Ventosa et al. 1995; Mellado et al. 2003) . However, no focused research has been undertaken. With this aim, diversity analysis of culturable bacteria from Pulikat Lake Chennai, Tamil Nadu, India, was carried out using the PCR-restriction fragment length polymorphism approach followed by sequence analysis. The isolates were further screened for their salt tolerance and for production of industrial enzymes.
Material and methods

Site description
Pulicat Lake is a saline brackish-water eco-system forming a shallow depression bordering the Eastern coast located 40 km north of Chennai, Tamil Nadu, India. It represents the coastal waters having transitional characters between terrestrial and deep sea waters. It lies in between 13 • 24 and 13 • 44 of northern latitude and 80 • 02 and 80 • 20 of eastern longitude. The water of the lake extends over an area of 280 km 2 with an extensive backwater region to the north of the lake. The most abundant constituent that is present in the waters of the Pulicat Lake is chloride, which shows a wide variation from 24 to 38% in dry season and 0.4-26% in monsoon season. The northern part shows a higher concentration in both seasons due to its very shallow nature and high evaporation rate. Next to chloride, sodium is the most abundant constituent in the lake waters. It shows variation from 0.6 to 14.6% during monsoon and 12.4-18.6% during dry season. The pH of lake water varies between 7.23-8.60 and the electrical conductivity varies from 1080 to 30290 µΩ/cm during monsoon season and 24390-42485 µΩ/cm during dry season (Nagaraju et al. 1990 ).
Sampling
Samples of salt water were collected in the month of May 2008. Twelve different samples, comprising three each of surface water, sub-surface water, deep water and sediment samples were collected from different sites representing different saline environments ( Fig. 1 ). Samples collected in sterile bottles were labelled, transported on ice and stored at 4 • C until analysis. The pH of the samples was noted immediately at the site.
Enumeration and isolation of bacteria
Enumeration and isolation of bacteria from water and sediment samples was performed in triplicate by serial dilution of samples and plating on five different media viz., Davis Minigolis synthetic medium (Joshi et al. 2008 ), Horikoshi I (Horikoshi 1991), halophilic agar, trypticase soy agar and nutrient agar at 37 • C for 5 days. The total viable count was recorded for each sample.
PCR amplification of 16S rDNA and amplified rDNA restriction analysis (ARDRA) Purified bacterial pelleted cells from 1.5 mL broth were resuspended in 0.5 mL SET buffer (75 mM NaCl, 25 mM EDTA and 20 mM Tris) with 10 µL of lysozyme (10 mg/mL). The subsequent genomic DNA was extracted according to the method by Pospiech & Neumann (1995) . The washed DNA pellet was incubated at 37 • C for 25-30 min to completely remove ethanol, and then resuspended in 50 µL of TE buffer. PCR reactions were performed on a BioRad thermal cycler. Primers pA (5'-AGAGTTTGATCCTGGCTCAG-3') and pH (5'-AAGGAGGTGATCCAGCCGCA-3') were used for the amplification of 16S rDNA (Edwards et al. 1989 ). The amplification was carried out in a 100 µL volume by mixing 50-90 ng template DNA with the polymerase reaction buffer (10X); 100 µM (each) dATP, dCTP, dTTP and dGTP; primers pA and pH (100 ng each) and 1.0 U Taq polymerase. The amplification conditions were as follows: initial denaturation of 5 min at 94 • C, followed by 40 cycles of 30 s at 94 • C, 40 s at 50 • C and 90 s at 72 • C, and a final extension period of 7 min at 72 • C. After amplification the PCR products were resolved by electrophoresis in 1.2% agarose gel in 1X TAE buffer. Gels were stained with ethidium bromide (10 mg/mL), visualized on a gel documentation system (Alpha-Imager) and gel images were digitalized. Aliquots of purified 16S rDNA PCR products were digested separately with three restriction endonucleasesAluI, MspI and HaeIII in 25 µL reaction volumes by using the manufacturer's recommended buffer and temperature. Restricted DNA was analyzed by horizontal electrophoresis in 2% agarose gels. The gels were visualized and gel images were digitalized. Strong and clear bands were scored for similarity and clustering analysis using the software, NTSYS-2.02e package (Numerical taxonomy analysis program package, Exeter software, USA). Similarity among the isolates was calculated by Jaccard's coefficient (Jaccard 1912) and dendrogram was constructed using the UPGMA method (Nei & Li 1979) .
Sequencing and phylogenetic analysis
The PCR amplified 16S rDNAs were purified with a Quiaquick purification kit (Qiagen). The DNA sequence was double checked by sequencing both strands using primers pA and pH for forward and reverse reaction, respectively. The nucleotide sequences were di-deoxy cycle sequenced with fluorescent terminators (Big Dye, Applied Biosystems) and run in 3130xl Applied Biosystems ABI prism automated DNA sequencer. The partial 16S rDNA sequences of the isolated strains were compared with those available in the databases. Identification to the species level was determined as a 16S rRNA gene sequence similarity of ≥97% with that of a prototype strain sequence in the GenBank (Benson et al. 2010) . Sequence alignment and comparison was performed using the program CLUSTAL W2 (Thompson et al. 1994) with default parameters and the data converted to PHYLIP format. Minor modifications were done manually on the basis of conserved domains and positions containing more than 50% gaps were removed. The phylogenetic tree was constructed on the aligned datasets using the neighbour-joining method (Saitou & Nei, 1987) implemented in the program MEGA 4.0.2 (Tamura et al. 2007 ). Bootstrap analysis was performed as described by Felsentein (1981) on 500 random samples taken from the multiple alignments.
Accession numbers
The sequences were submitted to GenBank (Benson et al. 2010 ) and accession numbers were assigned for 29 isolates from GU001881 to GU001909.
Physiological characterization of halophilic bacteria
All the isolates were screened for tolerance to salt stress using graded NaCl concentration from 5 to 25% in nutrient agar medium. The cultures were spot inoculated and incubated on the plates for 48 h at 37 • C.
All the isolates were tested for their ability to produce four enzymes, such as amylase, protease, xylanase and cellulase. The pH of all media was adjusted to 7.2-7.4, and 10% and 20% total salt were added for detecting extracellular enzymes activities for moderately and extremely halophilic bacteria, respectively. For screening the isolates for protease activity, cultures were incubated on 10% skimmed milk agar plates. After incubation, the formation of the zone of clearance around the colony was taken as an indication of protease activity (Kanekar et al. 2002) . Amylolytic activity was assayed by plating cultures on the nutrient agar amended with starch (2.5 g/L) followed by staining with 0.3% I2 -0.6% KI solution (Castro et al. 1993; Amoozegar et al. 2003) . Xylanase activity was detected using a saline medium containing xylan 10 g/L; yeast extract 2 g/L; peptone 5 g/L; MgSO4 0.5 g/L; CaCl2 0.15 g/L; and agar 20 g/L. After incubation, plates were flooded with 0.1% Congo red solution. The xylanase producing microorganisms were selected by observing yellow zones around the colonies against the red background (Wejse et al. 2003) . The presence of cellulase activity of the cultures was screened in a solid medium containing carboxy-methyl cellulose 5 g/L; NaNO3 1 g/L; K2HPO4 2 g/L; KCl 1 g/L; MgSO4 0.5 g/L; yeast extract 0.5 g/L; glucose g/L; and agar 18 g/L. After incubation, the plates were flooded with 0.1% Congo red solution. The clear zone around the colony indicated cellulase activity (Zhou et al. 2004 ). All plates were incubated 37 • C for up to 7 days.
Results and discussion
Enumeration of culturable, aerobic, heterotrophic bacteria was carried out by standard spread plate count dilutions using five media. The results demonstrated the presence of relatively dense populations (up to 10 7 colony-forming unit (CFU) per mL water or per gram sediment) of aerobic bacteria in the water or sediment samples of the Pulicat Lake. In general, the population was highest in sediment samples irrespective of the media used and ranged from 60 to 225 × 10 7 CFU/g sediment. The population of bacteria in deep water was less as compared to sub-surface and surface water. Among the media used, Horikoshi medium supported more population of bacteria, whereas trypticase soy agar supported the least for all sediment and water samples (Table 1 ). In an earlier study, it was observed that the bacterial population in hypersaline Chaka Lake, in terms of cell counts, decreased from 8×10 8 cells/g (dry weight) at the bottom of the core to <2×10 8 cells/g (dry weight) in the middle followed by an increase to 6×10 8 cells/g (dry weight) at the top ). In alkaline Lonar Lake, India, the total number of microorganisms in the sediment and water samples was found to be 10 2 -10 6 CFU/mL and 10 2 -10 4 CFU/mL, respectively (Joshi et al. 2008) .
A total of 198 culturable isolates, exhibiting distinct colony characteristics (shape, size, margin, elevation, pigmentation and opacity), were selected and screened for salt tolerance. A total 51 isolates that could tolerate 5% or more NaCl were further selected for molecular characterization. 16S rDNA-RFLP analysis was performed in order to differentiate the bacterial isolates. The RFLP analysis revealed large variations among the isolates. A total of 29 patterns were obtained for restriction enzymes AluI, MspI and HaeIII, respectively. A combined dendrogram based on the UPGMA method was constructed to determine the percentage similarity among the isolates. At a level of 75% similarity, all the isolates could be grouped into 29 clusters. RFLP analysis has proven to be useful for the first step of grouping the bacterial isolates (Yeon et al. 2005) .
Based on the near complete sequence analysis of 16S rRNA gene sequences, the bacterial isolates were identified. Phylogenetic analysis based on 16S rRNA gene sequences of bacterial isolates along with closely related sequences from the GenBank database (Fig. 2) grouped 29 clusters into two clades, 19 strains of Firmicutes and 10 strains of γ-Proteobacteria. Firmicutes included low G+C bacteria related to family Bacillaceae, with five genera Bacillus, Virgibacillus, Rummelibacil- lus, Alkalibacillus and Halobacillus. Another genera included in Firmicutes was Salimicrobium halophilum (Table 2) . Bacillus species are among the most commonly found aerobic, eubacterial alkaliphiles, both in soda lakes and in less selective environment (Horikoshi & Akinba 1982; Krulwich & Guffanti 1983; Takami et al. 1999 (Table 2) . All the isolates exhibited 97-99% similarity with the previously known sequences in the GenBank database. Isolate PL31 showed 97% sim-ilarity with Virgibacillus sp. and could be a novel organism. When only cultivation-dependent approaches were utilized, the γ-Proteobacteria and Firmicutes did, indeed, predominate, as evidenced in the previous studies of marine sediment by Gray & Herwing (1996) , Urakawa et al. (1999) and in solar salterns by Yeon et al. (2005) . Microbial diversity analysis in water and sediment of Lake Chaka, a hypersaline lake on Tibetan plateau, also revealed the distribution of bacterial isolates into three groups: Firmicutes, γ-Proteobacteria and Actinobacteria ). In the present study, Firmicutes belonging to the low G+C group are more diverse and abundant than other Proteobacteria. Similar results were obtained in the case of Lonar Lake (Joshi et al. 2008) and Inner Mongolian Soda Lake (Ma et al. 2004 ). The 29 strains representing different 16S rDNA-RFLP types were characterized phenotypically and physiologically using different tests. The majority of the isolates (19 strains) representing 65% of the total isolates were the Firmicutes, whereas γ-Proteobacteria (10 strains) formed only 35% of the total isolates. The γ-Proteobacteria included six species of Halomonas as mentioned above. Most of them were capable of growing in NaCl concentrations of 10-25% (Table 2) . Strains belonging to H. salifodinae (PL43), H. shengliensis (PL15, PL16 and PL207) and H. salina (PL205, PL33) were moderately halophilic and showed optimum growth at 9-15% NaCl. None of these strains showed growth in the absence of salt. The other strains in this group -H. aquamarina (PL34), H. pacifica (PL36 and PL51) and H. halophila (PLD) could tolerate 10-20% NaCl; with optimum growth at 5-13%, but exhibited growth in the absence of salt. Species of genus Halomonas can tolerate or require a high salt concentration for growth ). H. salifordinae has been reported to grow in the range of 0.5-20% NaCl with optimum concentration as 3% (Wang et al. 2008) . H. shengliensis isolated from a crude-oil contaminated saline soil from Shengli oilfield, China, has also been reported to be moderately halophilic and could grow at NaCl concentrations of 0-15% (optimum 5-15%) (Wang et al. 2007 ).
Among the isolates of Firmicutes clade, the members of genus Bacillus were less tolerant to salt stress, as compared to that belonging to genera Virgibacillus, Rummeliibacillus, Alkalibacillus and Halobacillus (Table 2). Strains of B. flexus (PL41 and PL4) , B. megaterium (PL5), B. thuringiensis (PL10), B. horikoshii (PL42), B. boroniphilus (PL69) and B. granadensis (PL12) could tolerate 15% NaCl with optimum growth at 8-11%. Strains belonging to B. aquimaris (PL29) and B. altitudinis (PL14) could tolerate only 10 and 12% NaCl, respectively, and could grow in the absence of salt. All other strains in the Firmicutes clade were halophilic with tolerance level up to 25%; optimum growth at 8-15% and no growth in the absence of salt. Moderately halophilic or halotolerant, Gram-positive or variable, endospore-forming rods have been commonly isolated from marine environments and related regions or materials Waino et al. 1999; Yoon et al. 2001 ). B. aquimaris isolated from the tidal flat of Yellow Sea in Korea have been reported to be moderately halophilic showing growth at NaCl concentration ranging between 2-18% and optimum at 2-5% NaCl (Yoon et al. 2003) . Salimicrobium halomicrobium is a moderately halophilic bacterium that grows optimally at 10% NaCl (Yoon et al. 2007 ). All the strains were screened for the production of extracellular enzymes and results revealed that a total of 48%, 55%, 37% and 41% strains showed production of amylase, protease, xylanase and cellulase, respectively (Table 2) . Six strains PL31, PL23, PL69, PL203, PL18 and PL203 produced three enzymes. Twelve strains PL5, PL10, PL207, PL14, PL43, PL51, PL205, PL12, PLA, PL36, PLD and PL209 produced two enzymes and 11 strains PL1, PL4, PL9, PL33, PL16, PL34, PL42, PL15, PLF, PL68 and PL71produced one enzyme (Table 2) . In our study, extremely halophilic/halotolerant and Grampositive halophilic bacteria produced more extracellular enzymes in comparison to moderate halophilic and Gram-negative isolates; similar variations in the pro-duction of industrial enzymes was reported among the isolates from Howz Soltan Lake, Iran (Rohban et al. 2009 ).
The culture-dependent approach used in the present investigation led to the identification of the strains belonging to Firmicutes and γ-Proteobacteria that are moderately halophilic or halotolerant. In addition, they showed the production of industrially important enzymes, which can be utilized further in various industrial processes.
